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Abstract 

Objective: To monitor and study the molecular epidemiol- 
ogy, evolution and pathogenicity of infectious bronchitis vi- 
ruses (IBVs) in China in recent years and further our knowl- 
edge of the evolution of IBVs. Methods: Thirty-seven IBV 
isolates were isolated from commercial chickens in China. 
The isolates were characterized by RT-PCR, sequencing, typ- 
ing and analyzing the entire S1 gene. In addition, 4 selected 
IBV isolates were used to experimentally infect the specific 
pathogen-free chickens to study their pathogenicity. Re- 
sults: Three types of IBV have been cocirculating in chicken 
flocks in China in recent years. Unique insertions and dele- 
tions in S1 protein regions were identified among different 
types of IBV. Moreover, a new IBV strain was isolated and 
identified in a layer hen. S1 gene analysis showed that a re- 
combination event had occurred in the virus’s evolutionary 
process. In addition, experimental infection has shown that 
IBV isolates have been nephropathogenic in China in recent 
years. Conclusion: Mutations, insertions, deletions and re- 


combination of the $1 protein gene contribute to the ge- 
netic diversity of IBV in China. Cocirculation of multiple types 
of IBV in field conditions in China renders its epidemiology 
and evolution very complicated, indicating the necessity for 
development of new vaccines or vaccine strategies. 

Copyright © 2009 S. Karger AG, Basel 


Introduction 


Avian infectious bronchitis virus (IBV) is one of the 
major poultry pathogens, and is probably endemic in all 
regions where poultry are reared intesively. It is a Group 
3 member in the genus Coronavirus, based on genetic 
and antigenic characteristics [1]. Its genome consists of a 
single-stranded positive RNA molecule (approx. 27.6 kb) 
that encodes 4 structural proteins: the spike (S), mem- 
brane (M), small membrane (E) and nucleoprotein (N). 
The multimeric coiled-coil S protein is post-translation- 
ally cleaved into the amino-terminal S1 (92 kDa) and the 
carboxyl-terminal $2 (84 kDa) subunit. The S1 protein, 
which is anchored to the membrane by association with 
2, is involved in virus entry and also contains epitopes 
for virus-neutralizing and hemagglutination-inhibiting 
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antibodies [2-6]. The S1 sequences from different strains 
vary significantly, usually by between 2 and 25% at the 
amino acid level [2]. 

It is well known that the primary problem in the control 
of infectious bronchitis (IB) is the ability of the virus to 
generate antigenic diversity. Genetic diversity among IBV 
is generated by point mutations, insertions and deletions 
introduced into the viral genome by viral RNA-dependent 
RNA polymerases, which lack proofreading capabilities, 
and by genetic recombination, which occurs via a genom- 
ic template-switching mechanism [7]. This has led to the 
continuous emergence of new IBV serotypes or variants 
and has complicated the design of appropriate control pro- 
grams due to the low degree of cross-protection observed 
among IBV serotypes. Further, this indicates the necessity 
for accurate techniques to isolate, identify and constantly 
monitor this viral agent. S1 gene sequencing and subse- 
quent genetic analysis provide a fast and accurate method 
for classifying and predicting IBV serotypes, and have 
been used for molecular epidemiological studies and ge- 
notypic characterization of IBV [8-19]. 

Since the early 1980s, IBV has been diagnosed in Chi- 
na by virus isolation. Since then, epidemiological surveys 
among different regions in China have shown that IB is 
one of the main infectious diseases affecting farms [20- 
27]. At least 3 important factors have made IB occurrence 
very complicated in China. First, farms in China have an 
extremely large number of chickens that are, in most cas- 
es, maintained at high density, which allows the virus to 
spread easily. Second, several types of the available IB 
vaccines belong to serotypes that are different from those 
of the endemic IBV strains and so bestow only a low de- 
gree of protection against the field strains, such as Mass- 
type (Ma5, H52 and H120), Connecticut-type, 4/91, 28/86 
and W93. These have been used intensively in China, and 
in most cases have been co-used within flocks. Third, 
several types of IBVs have been found to co-circulate in 
chicken flocks in China [21, 23, 24, 27]. Hence, IBV may 
consistently exist and mutation occurrence is possible in 
the course of IBV evolutionary process. Meanwhile, a 
given cell co-infected with more than 1 IBV serotype has 
led to the possibility of recombination. Consequently, to 
monitor and study the molecular epidemiology of IBVs 
in China is of significance in order to provide a guide to 
the optimal use of existing live vaccines and to alert the 
industry to the need for development of new vaccines or 
vaccine strategies. The purpose of this study is not only 
to study IBV evolution, but also to extend our knowledge 
of the molecular epidemiology of the IBV field isolates 
recently circulating in China. 
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Materials and Methods 


Viruses 

Thirty-seven tissue samples of kidney, proventriculus, trachea 
and cecal tonsil from 37 IB suspected broiler or layer flocks cover- 
ing most chicken raising regions of China in 2007 were collected 
and used for IBV isolation (table 1). For virus isolation, samples 
of tissue were pooled and 10% w/v tissue suspensions were made 
in 0.1% phosphate-buffered saline (PBS) containing 100 U peni- 
cillin and 100 wg streptomycin/ml. After 12 h at 4°, 200 wl super- 
natant from the suspensions was inoculated into the allantoic cav- 
ity of 9- to 11-day-old embryos of specific pathogen-free (SPF) 
chickens (Harbin Veterinary Research Institute, China). Between 
3 and 5 eggs were used for each sample. The inoculated eggs were 
incubated at 37°and handled daily. Between 1 and 5 blind pas- 
sages were performed until characteristic embryo changes, such 
as dwarfing, stunting or curling, were observed between 2 and 7 
days after inoculation, according to a previous report [23]. All al- 
lantoic fluids of inoculated eggs were harvested and tested for the 
presence of IBV using electron microscopy. 


Electron Microscopy 

Samples of allantoic fluid after egg passages were submitted 
for electron microscopy. Briefly, after low-speed centrifugation at 
1,500 g for 30 min (Allegra™ 21R centrifuge; Beckman, USA), the 
supernatants of the 1.5 ml allantoic fluid were centrifuged at 
12,000 g for 30 min. The resulting pellet was resuspended in a 
minimal volume of deionized water and examined by negative 
contrast electron microscope (JEM-1200, EX). 


Viral RNA Extraction, RT-PCR Amplification and Sequencing 

Genomic RNA was extracted from infected allantoic fluid with 
Trizol reagent (Invitrogen, USA) according to the manufacturer’s 
instructions. The first-strand cDNA was synthesized according 
the procedures of a previous report [23] using genomic antisense 
oligonucleotides S1Oligo3’ (5’-CATAACTAACATAAGGGCAA- 
3’) and IBV-212 (5’-ATACAAAATCTGCCATAA-3’). The PCR 
profiles involved an initial denaturation step for 5 min at 95° fol- 
lowed by 30 cycles of denaturation at 94° for 1 min, annealing at 
50° for 1 min, and polymerization at 72° for 2 min. The final po- 
lymerization step was performed at 72° for 10 min. Two genome 
sense oligonucleotides, IBV-257 (5’-TATTGATTAGAGATGTGG- 
3') and S1Oligo5’ (5’-TGAAAACTGA ACAAAAGAC-3’), were 
used with S10ligo3’ or IBV-212 as antisense primers in PCR am- 
plification. The PCR products were analyzed ona 1.0% agarose gel 
and were directly sequenced. Meanwhile, the PCR products were 
also sequenced after cloning into the pMD18-T vector (TaKaRa, 
Japan). Each region was sequenced at least 3 times and the consen- 
sus sequence was determined. 


Phylogenetic Analysis of S1 Protein Genes 

The nucleotide and amino acid sequences of the S1 protein 
gene of the IBV isolates were assembled, aligned and compared 
with other reference IBV strains using the MegAlign program in 
DNAStar. Phylogenetic analysis of the deduced amino acid se- 
quences of the S1 protein gene was performed with the Clustal V 
method in DNAStar software [15]. A total of 27 IBV reference 
strains were selected for phylogenetic analysis in this study. The 
selected IBV reference strains and their accession numbers are 
listed in table 2. Of these, most represented Chinese IBV field iso- 
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Table 1. Epidemiology information for Chinese field IBV isolates included in this study 


IBV Isolates Province (city)* Vaccines used Organs used for Production Accession 
for vaccination virus isolation? type number 
ck/CH/LDL/071 Dalan 4/91 kidney layer hen FJ345364 
ck/CH/LDL/07II Dalan Ma5 proventriculus layer hen EU563940 
ck/CH/LDL/O7III Dalan Ma5+4/91 kidney layer hen FJ345365 
ck/CH/LSD/07II Shandong (Linyi) 28/86+Ma5 trachea broiler FJ345384 
ck/CH/LSD/071 Shandong (Weifang) 28/86+Ma5 proventriculus Layer hen EU563941 
ck/CH/LSD/07III Shandong (Tancheng) 28/86+Ma5 kidney broiler FJ345385 
ck/CH/LSD/07IV Shandong (Linyi) 28/86+Ma5 kidney layer hen FJ345386 
ck/CH/LSD/07V Shandong (Shouguang) H120 kidney broiler FJ345388 
ck/CH/LSD/07VI Shandong (Taian) 28/86+Ma5 kidney broiler FJ345389 
ck/CH/LSD/07VII Shandong (Linyi) 28/86+Ma5 kidney broiler FJ345390 
ck/CH/LSD/07VIII Shandong (Taian) 28/86+Ma5 kidney broiler FJ345391 
ck/CH/LSD/07IX Shandong (Gaomi) H120+28/86 kidney broiler FJ345387 
ck/CH/LSD/07X Shandong (Anqiu) H120+28/86 proventriculus layer hen FJ345392 
ck/CH/LSD/07X1 Shandong (Penglai) H120 trachea broiler FJ345393 
ck/CH/LSD/07XII Shandong (Qingdao) 4/91 kidney broiler FJ345394 
ck/CH/LSD/07-1 Shandong (Shouguang) H120 kidney broiler FJ345381 
ck/CH/LSD/07-2 Shandong (Shouguang) 4/91 kidney broiler FJ345382 
ck/CH/LSD/07-3 Shandong (Shouguang) 4/91 kidney broiler FJ345383 
ck/CH/LSD/07-4 Shandong (Weifang) H120 kidney layer hen FJ345395 
ck/CH/LJS/071 Jiangsu (Haian) H120 kidney layer hen FJ345376 
ck/CH/LJS/0711 Jiangsu (Qingjiang) H120 kidney broiler FJ345377 
ck/CH/LJS/07IV Jiangsu (Rugao) Non-vaccinated kidney broiler FJ345378 
ck/CH/LJS/07V Jiangsu (Wuxi) Ma5 kidney layer hen FJ345379 
ck/CH/LJL/07I Jilin (Dehui) H120 kidney broiler FJ345373 
ck/CH/LJL/0711 Jilin (Dehui) H120+Ma5 kidney layer hen FJ345374 
ck/CH/LJL/0711 Jilin (Changchun) Ma5+H120 kidney layer hen FJ345375 
ck/CH/LJL/07V Jilin (Changchun) H120 proventriculus broiler EU563944 
ck/CH/LHLJ/071 Heilongjiang (Nehe) H120 kidney layer hen EU563942 
ck/CH/LHLJ/07HI1 Heilongjiang (Wangkui) 28/86 cecal tonsil layer hen FJ345366 
ck/CH/LHLJ/07IV Heilongjiang (Zhaodong) H120 cecal tonsil layer hen FJ345367 
ck/CH/LHLJ/07V Heilongjiang (Harbin) 28/86 proventriculus layer hen EU563943 
ck/CH/LHLJ/07VI Heilongjiang (Qigihar) 28/86+Ma5 kidney layer hen FJ345368 
ck/CH/LHLJ/07VI1 Heilongjiang (Qiqihar) H120+4/91 kidney layer hen FJ345369 
ck/CH/LHN/071 Helan (Puyang) H120 kidney layer hen FJ345370 
ck/CH/LHN/07II Helan (Puyang) H120+28/86 kidney layer hen FJ345371 
ck/CH/LHN/07III Helan (Puyang) H120 kidney layer hen FJ345372 
ck/CH/LLN/07I1 Liaonin (Liaoyang) H120 kidney layer hen FJ345380 


* Province (city) where the viruses were isolated. 
> Kidney = Swollen kidney; proventriculus = swollen proventriculus; cecal tonsil = hemorrhagic cecal tonsil; trachea = hemor- 


rhagic trachea. 


lates available in the GenBank database [28]. In addition, the S1 
protein genes of Mass-type strains were also selected and com- 
pared in this study [29, 30] because these types of vaccines were 
widely used for many years on poultry farms in China. 


S1 Nucleotide and Deduced Amino Acid Sequence 

Comparison and Analysis 

Two classical LX4-type strains (LX4 [23] and QXIBV), 12 
Mass-type and 14 CK/CH/LSC/99I-type reference strains were 
selected for insertion and deletion comparison in S1 protein re- 
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gions with our isolates. The S1 amino acid sequences of reference 
IBV strains and our IBV isolates were assembled, aligned and 
compared. 

The nucleotide and amino acid sequences of the S1 gene of the 
isolate ck/CH/LHLJ/07VII were assembled, aligned, and com- 
pared with the other 12 Mass-type reference IBV strains. Of the 
12 reference IBV strains, 3 vaccine strains were used widely in 
chicken flocks in China, 3 Chinese field isolates were isolated in 
different years by different study groups from different hosts [21, 
27], and 2 American classical strains (M41 and Beaudette) [28, 29] 
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Table 2. IBV strains used for sequence comparison of the S1 gene in this study 


IBV strain Type* Geographic origin Original description Host Accession 
number 
LX4 LX4 Xinjiang province, China Liu and Kong, 2004 [23] chicken AY189157 
QXIBV LX4 Shandong province, China Pan et al., 1999 [unpubl.] chicken AF193423 
CK/CH/LSC/99] CK/CH/LSC/99] Sichuan province, China Liu et al., 2006 [15] chicken DQ167147 
CK/CH/LGD/04II_ = CK/CH/LSC/991 Guangdong province, China _ Liu et al., 2006 [15] chicken DQ167134 
CK/CH/LDL/04II CK/CH/LSC/99I Dalan, China Liu et al., 2006 [15] chicken DQ167131 
CK/CH/LDL/051 CK/CH/LSC/99I Dalan, China Liu et al., 2008 [27] chicken EF213563 
CK/CH/LNM/051 CK/CH/LSC/991 Neimeng province, China Liu et al., 2008 [27] chicken EF213567 
CK/CH/LGX/061 CK/CH/LSC/991 Guangxi province, China Liu et al., 2008 [27] chicken EF213580 
SH2 CK/CH/LSC/991 Shanghai, China Qian et al., 2005 [unpubl.] chicken DQ075324 
J CK/CH/LSC/991 Zhejiang province, China Zhou et al., 2005 [unpubl.] chicken AF352312 
$C021202 CK/CH/LSC/991 Sichuan province, China Zhou et al., 2004 [unpubl.] chicken AY237817 
YNO5-1 CK/CH/LSC/99I Yunnan province, China Xu et al., 2007 [25] chicken DQ459474 
CQ04-1 CK/CH/LSC/991 Chongqing, China Xu et al., 2007 [25] chicken DQ459476 
SC03-1 CK/CH/LSC/99I Sichuan province, China Xu et al., 2007 [25] chicken DQ459472 
BJ03-1 CK/CH/LSC/991 Beijing, China Xu et al., 2007 [25] chicken DQ459475 
PSH050513 CK/CH/LSC/991 Shanghai, China Qian et al., 2006 [28] pigeon DQ160004 
H120 Mass Vaccine strain Bijlenga et al., 2004 [29] chicken M21970 
IBN Mass Vaccine strain Liu et al., 2006 [30] chicken AY856348 
W93 Mass Vaccine strain Liu et al., 2006 [30] chicken AY842862 
BJ1 Mass Beijing, China Liand Yang, 2003 [21] chicken AF347018 
pf/CH/LKQ3/03 Mass Guangdong, China Liu et al., 2005 [26] peafowl AY702085 
$D/97/01 Mass Shandong, China Pan et al., 1997 [unpubl.] chicken AF208240 
M41 Mass America Callison et al., 2006 [32] chicken AY851295 
Beaudette Mass America Boursnell et al., 1987 [31] chicken NC_001451 
Spain/98/308 Mass Spain Dolz et al., 2008 [19] chicken DQ064807 
KB8523 Mass South Korea Sutou et al., 1988 [33] chicken M21515 
JP/Ishida/51 Mass Japan Mase et al., 2004 [16] chicken AB120628 
2994/02 Mass Taiwan Huang et al., 2004 [34] chicken AY606324 
tl/CH/LDT3/03 tl/CH/LDT3/03 Guangdong, China Liu et al., 2005 [26] chicken AY702975 
CK/CH/LSD/051 variant Shandong, China Liu et al., 2008 [27] chicken EF213568 


“Based on S1 gene sequence. 


and an additional 4 strains from European countries [19], Japan 
[30], South Korea [31] and Taiwan [32] were also selected (table 2). 
The entire coding region of the S1 gene of these strains was chosen 
for analysis except for the BJ1 and JP/Ishida/51 strains, for which 
complete S1 gene sequences were not available in the GenBank 
database. 

In addition, 2 reference strains, tl/CH/LDT3/03 and CK/CH/ 
LSD/OS5I, were used for S1 protein gene comparison with that of 
isolate ck/CH/LSD/07-4. All nucleotide and amino acid align- 
ments were performed using Meg Align. 

The backgrounds of the reference strains used in this study 
and their accession numbers are listed in table 2. 


GenBank Accession Numbers 

All nucleotide sequences of $1 protein gene of our IBV isolates 
reported herein have been submitted to the GenBank database 
and their accession numbers are listed in table 1. 
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Virulence Study 

In order to study the pathogenicity of the different IBV isolates 
circulating in China in recent years, 4 IBV isolates (table 3), which 
were isolated from the kidney, proventriculus or cecal tonsil of 
chickens and which belonged to 2 different types (fig. 1), were 
used for inoculation in SPF chickens. Five groups of 10 White 
Leghorn FPF chickens (Harbin Veterinary Research Institute, 
China) were kept in isolators with negative pressure. At the age of 
15 days, groups 1-4 were inoculated intranasally with each of the 
4 isolates [log10°? to logl0°? median embryo infectious doses 
(EIDso) per chick; table 3]. The remaining group (group 5) was 
mock-inoculated with sterile allantoic fluid and served as a con- 
trol. The chicks were examined daily for signs of infection for 30 
days after inoculation. Meanwhile, blood samples from all birds 
in each group were collected at 5, 10, 15 and 20 days after inocula- 
tion. The serum was stored at -70° until ELISA testing. 

The study was approved by the animal welfare committee of 
Heilongjiang Province, China. 


Liu/Zhang/Wang/Li/Han/Shao/Li/Kong 


Table 3. Morbidity and mortality after challenge with 4 IBV isolates recently isolated in China 


Virus isolate Type Dose, median Diseased Dead Antibody response* 

embryo infectious chicks? chicks® Z - ; - 

Teele 5 days 10 days 15 days 20 days 
ck/CH/LSD/071 LX4 5.3 10/10 (100) 2/10(20) = 1/10(10) 6/8 (75) 8/8 (100) 8/8 (100) 
ck/CH/LJL/07V LX4 5.2 10/10 (100) 4/10(40)  2/9(22.2) 3/6 (50) 6/6 (100) 6/6 (100) 
ck/CH/LHLJ/O7IV LXxX4 5.3 10/10 (100) 3/10(30) 1/10(10) 5/8 (62.5) 7/7(100) 7/7 (100) 
ck/CH/LDL/07I CK/CH/LSC/99I 5.3 10/10 (100) 3/10 (30) 0/9 (0) 6/8 (75) 7/7 (100) 7/7 (100) 
Control - Sterile 0/10 (0) 0/10 (0) 0 (0) 0 (0) 0 (0) 0 (0) 


allantoic fluid 


Numbers in parentheses are percentages. There were 10 chicks in each group. 
* Dose per chick = 100 ml. > Number clinical signs/number challenged. ‘ Number died during the experiment/number challenged. 
4 Number seroconverted/number challenged. * Days after challenge. 


Total Antibody ELISA 

Serum samples were assayed in single dilutions using a com- 
mercial total antibody ELISA (IDEXX Corporation, Westbrook, 
Me., USA) according to the manufacturer’s instructions. Serum- 
to-positive ratios were calculated as described previously [30, 35]. 
From these ratios, individual serum titers, expressed as log, val- 
ues, were calculated according to the manufacturer's instruc- 
tions. 


Results 


S1 Gene Phylogenetic Analysis: LX4 Was the 
Predominant Type of IBV Co-Circulating in Chinese 
Chicken Flocks 

All the diseased chickens from which tissue samples 
were collected showed clinical IB symptoms and nephri- 
tis, and had no more than 50% mortality. Some of the 
chickens showed hemorrhagic lesions of cecal tonsils and 
proventriculitis. Thirty-seven kidney, proventriculus, 
trachea and cecal tonsil tissue samples were positive for 
IBV isolation and detection and were used in this study. 
Typical signs, including embryo dwarfing and death, 
were observed in different passages when each tissue 
sample or isolate was inoculated into embryos. Diagnoses 
based on electron microscopy examination showed all 
isolates had typical coronavirus morphology and were 
free of other agents such as Newcastle disease virus (re- 
sults not shown). 

Phylogenetic analysis based on S1 amino acid sequenc- 
es of our 36 isolates and 27 reference IBV strains showed 
that our 36 isolates were separated into 3 groups or geno- 
types (fig. 1). Most of the IBV isolates in this study be- 
longed to the LX4-type (33 out of 36). These LX4-type 
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isolates had 93.1-99.9% and 94.5-99.9% nucleotide and 
amino acid similarities, respectively, between each other. 
These IBV isolates shared 93.9-95.5% and 95.1-96.9% 
nucleotide and amino acid similarities, respectively, to S1 
from the previously isolated LX4 strains [23]. Isolate ck/ 
CH/LHLJ/07VII was grouped into Mass-type. Two iso- 
lates, ck/CH/LDL/O7III and ck/CH/LDL/O7III, were CK/ 
CH/LSC/991-type viruses and showed a closer relation- 
ship with IBV strains isolated in the same region (Dalan, 
China) from 2004 to 2005. The phylogenetic analysis of 
the nucleotide sequences for the analyzed S1 gene was 
consistent with that based on the amino acid sequences 
(not shown). 


Analysis of S1 Gene Sequences from ck/CH/LSD/07-4 

Indicated Direct Evidence of Recombination Event 

The Blast searches that were conducted using the en- 
tire S1 gene (from the first 1,620 nucleotides, starting at 
the AUG translation start codon) revealed that isolate ck/ 
CH/LSD/07-4 was most closely related to the IBV strain 
tl/CH/LDT3/03. As shown in figure 2 and table 3, ck/CH/ 
LSD/07-4 shared 92.8 and 92.1% nucleotide similarity 
with the entire S1 gene of the published Chinese IBV iso- 
lates, tl/CH/LDT3/03 and CK/CH/LSD/05I, respectively. 
However, ck/CH/LSD/07-4 had 100% identity with the 
S1 gene of CK/CH/LSD/05I from nucleotide positions 1 
to 582 but only 80.9% identity between nucleotide posi- 
tions 622 and 1,620, whereas ck/CH/LSD/07-4 shared no 
more than 87.3% nucleotide identity with the S1 gene of 
CK/CH/LSD/05I from 1 to 582 but 99.3% from 622 to 
1,620 (table 4), indicating that a recombination event had 
occurred in the IBV evolutionary process. 
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Nucleotide substitutions (x100) 


ck/CH/LSD/07IV 
ck/CH/LSD/07II 
ck/CH/LSD/07XI 
ck/CH/LSD/07-1 
ck/CH/LSD/07XIl 
ck/CH/LSD/07-3 
ck/CH/LSD/07-2 


f ck/CH/LSD/07V 


7 
ck/CH/LHLJ/07I 
ck/CH/LHLJ/O7III 
ck/CH/LLN/07I 
ck/CH/LHN/O7II 


H 
ck/CH/LJL/071 LX4-type 
JS/O7IV 
_| ckK/CH/LSD/07VIII 
ck/CH/LDL/O7I 
ck/CH/LJS/O7V 
ck/CH/LHN/O7I 


ck/CH/LHN/O7III 
ck/CH/LJSO7II 


ck/CH/LSD/07VI 
ck/CH/LJL/07II 
ck/CH/LHLJ/07VI 
ck/CH/LSD/IX 
ck/CH/LSD/07X 
LX4 


QXIBV, 
ck/CH/LSD/07II 
SH 


rere K/CH/LNM/051| 
= CK/CH/LGD/04II 
$C03-1 

CK/CH/LSC/991 
1 cube iaaesiaubal 
BJ03-1 
$C011202 
ck/CH/LDL/O7II 
ck/CH/LDL/O7III 
CK/CH/LDL/O5I 
CK/CH/LDL/04II 
H120 
JP-Ishida-51 

-- Spain/98/308 

neeneeeees pt/CH/LKQ3/03 


SD/97/01 
a ckK/CH/LHLJ/O7VI 


CK/CH/LSC/99I-type 


Mass-type 


Fig. 1. Phylogenetic tree constructed using neighbor-joining based on the S1 subunit of spike protein. The tree 
was rooted with the first 1,662 nucleotides, starting at the AUG translation initiation codon, of the S protein 


genes. Our IBV isolates are in bold type. 


Sequence Analysis: There Are Sequence Markers 

among Different Types of IBV due to Unique Deletions 

and Insertions in S1 Region 

A total of 35 Chinese LX4-type field isolates (33 from 
the present study and 2 previously described), 15 field 
isolates of CK/CH/LSC/99I-type (2 from the present 
study and 14 from the GenBank database) and 13 IBV 
strains of Mass-type (3 vaccine strains and 10 isolates 
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from different countries of the world) were included in 
the present study, and the S1 amino acid sequences were 
compared. As shown in figure 3, we observed 3 unique 
amino acid sequence deletions and insertions in S1 pro- 
tein regions among the 3 different types of IBV strains. 
Compared with Mass-type IBVs, the first region was in 
positions 72-78. Seven amino acids were deleted in LX4- 
type IBVs; however, CK/CH/LSC/99I-type IBVs had 4 
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Color version available online 


TACTGGTGTTAAGTCAGCAGGTGTGTATTTTAAGGCAGGTGGACCTGTAAATTATAATATTATGAAAGAATTTAAGGTTCTGGCTTATTTTGTCAATGGTACTGTGCAAGATGTAATTC 1 


CAAGGATGTCACATCAGCAGGTGTGTATTTTAAAGCAGGTGGACCTGTAAATTATAATATTATGAAAGAATTTAAGGTTCTGGCTTATTTTGTCAATGGTACTGTGCAAGATGTAATTC 2 


CAAGGATGTCACATCAGCAGGTGTGTATTTTAAAGCAGGTGGACCTGTAAATTATAATATTATGAAAGAATTTCAGGTACTTGCTTATTTTGTTAATGGGACTGTACAAGACGTTATCT 3 


Fig. 2. Sequencing and sequence alignment of the potential recombination junction site and flanked sequences. 
The potential recombination junction site was underlined. Nucleotides that are identical between 2 of the 3 se- 
quences but different from the rest are indicated in red. Figures and represented numbers are: 1 tl/CH/LDT3/03, 


2. ck/CH/LSD/07-4 and 3 CK/CH/LSD/05I. 


amino acid insertions. The second region was between 
positions 82 and 85. Three amino acids were inserted in 
LX4-type IBVs; however, CK/CH/LSC/99]-type IBVs had 
4 amino acid insertions. The last region was between po- 
sitions 127 and 130. Two amino acids were inserted in 
LX4-type IBVs; however, CK/CH/LSC/99]-type IBVs had 
1 amino acid deletion. 


Genetic Comparison: ck/CH/LHLJ/07VII Was a 

Mass-Type Field Strain Isolated in Vaccinated 

Chicken Flock 

A Mass-type IBV isolate, ck/CH/LHLJ/07V II, was iso- 
lated from kidneys of an H120 and 4/91-immunized layer 
hen in Heilongjiang province. Our RT-PCR method 
could not distinguish between the vaccine and field virus 
of the same genotype. We compared the sequence of this 
virus with those of the standard vaccine strains and ref- 
erence field strains. Table 5 presents the percentage of de- 
tections of ck/CH/LHLJ/07VII with reference strains. 
Isolate ck/CH/LHLJ/07VII shared the maximum S1 nu- 
cleotide and amino acid identities (99 and 97.1%, respec- 
tively) with a Chinese field strain, SD/97/01, which was 
isolated in 1997 in Shandong province, China. Mean- 
while, 18 unique nucleotide mutations and 15 amino acid 
substitutions were found in the S1 protein gene of isolate 
ck/CH/LHLJ/07VII, compared with those of Mass-type 
vaccine strains (table 6), indicating that it is unlikely that 
re-isolation of the vaccine strain was used in the flock 
immunization. 


Virulence Study: Recently Isolated IBVs Were 

Nephropathogenic in China 

Clinical signs were observed 3-15 days after challenge 
in chicks from groups 1-4. The chicks were listless and 
huddled together, and showed ruffled feathers and a dark, 
shrunken comb. Some of the chicks suffered from severe 
gasping, coughing, conjunctivitis, nasal and ocular dis- 
charge, depression and weakness, and were reluctant to 
move. Some of the chicks in each challenged group died 
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Table 4. Comparison of S1 gene nucleotide sequence similarities 
of the isolate ck/CH/LSD07-4 with those of tl/CHLDT3/03 and 
CK/CH/LSD/051 


Strains ck/CH/LSD/07-4 

1 to 1,620 1 to 582 622 to 1,620 
tl/CHLDT3/03 92.8 80.9 99.3 
CK/CH/LSD/051 92.1 100 87.3 


The first 1,620 nucleotides, starting at the AUG translation 
start codon, of the entire S1 protein genes were compared. The 
sequence of potential recombination junction site (from 583 to 
621) was not included in the comparison. 


during the experimental period (table 3). Gross lesions of 
dead chicks were mainly confined to the kidneys, and 
were not dependent on which tissue the viruses were iso- 
lated from. The kidney parenchyma of the dead birds was 
pale, swollen and mottled; tubules and urethras were dis- 
tended with uric acid crystals. Meanwhile, hemorrhagic 
lesions of cecal tonsils were observed in almost all of the 
challenged SPF chickens in the groups. However, no obvi- 
ous gross lesions were observed in proventriculi of chal- 
lenged chickens with isolates either from the proventric- 
ulus or from other tissue samples. The clinical signs of 
the inoculated birds tended to disappear gradually after 
20 days of inoculation. Chickens in the control group had 
not shown clinical signs and gross lesions at autopsy. 

Some chickens in the 4 challenged groups showed se- 
roconversion by ELISA 5 days after challenge. All of the 
surviving birds showed seroconversion between 10 and 
20 days after challenge (the antibody was not detected 
after 20 days after challenge; table 3). No animal in the 
unvaccinated control group showed seroconversion by 
ELISA during the experimental period. 
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Fig. 3. Sequence alignment of S1 amino acid sequences from three 
different types of IBV. The nucleotide positions correspond to 


tyrosine; N = asparagine; Q = glutamine; 
methionine; T = threo- 


alanine; I = isoleucine; M 


serine; A = 


those in the sequence of the IBV Beaudette genome (GenBank ac- 
cession number M95169). Those indicated are from positions 70- 
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140; positions 101-115 are not indicated (represented by dots). The 
3 unique deletion and insertion regions are boxed. The deleted 


our previous 


detailed results from the present study, 


Iscussion 


D 


data; GenBank 


reports [15, 23, 26] and other published results in the 


GenBank database (Lu et al., unpubl. 
accession numbers: EU930416, EU930426-EU930437; 


IB has occurred frequently in recent years in China. It 


is one of the major poultry pathogens and causes heavy 
economic losses [20-27]. Meanwhile, different types of Wu et al., unpubl. data; GenBank accession numbers: 


EU031525-EU031531) have shown that LX4 


IBVs have co-circulated in chicken flocks in China [21, 
23, 24, 26]. These results suggest the need for dynamic 
and persistent surveillance of IBV in China. Liu et al. [36] 
showed that the A2-like virus, which is a 4/91-serotype- 
related virus determined by neutralization test, was the 


type IBVs are 


the major type of IBV that have been circulating in China 


in recent years. Furthermore, in China, as in Europe [37- 


40], this type of IBV has increased in recent years. Both 
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experimental infection and field results have shown that 
the available commercial vaccines provide little protec- 
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predominant IBV type in chicken flocks. However, more 
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Table 5. Comparison of S1 nucleotide and amino acid sequence similarities (%) of the isolate ck/CH/LHLJ/07 VII with those of refer- 


ence Mass-type strains 


Strains ck/CH/ H120 IBN W93 BJ1 pf/CH/ SD/97/01 M41 Beau- _— Spain/ KB8523 JP/ 2994/02 
LHLJ/07V11 LKQ3/03 dette 98/308 Ishida/51 

ck/CH/LHLJ/07VII 98.7 98.2 98.2 95.0 98.8 99.0 95.6 95.6 98.7 98.0 96.3 90.6 
H120 96.6 99.2 99.2 96.0 99.5 99:3 96.6 96.3 100.0 99.0 97.3 91.3 
IBN 95.2 98.6 100.0 95.6 99.0 98.8 96.3 96.1 99.2 98.8 96.8 91.0 
W93 95.2 98.6 100.0 95.6 99.0 98.8 96.3 96.1 99.2 98.8 96.8 91.0 
BJ1 89.4 92.8 92.3 92.3 95.8 95.6 99.3 96.0 96.0 95.8 96.3 91.3 
pf/CH/LKQ3/03 96.6 99.0 97.6 97.6 91.8 99.5 96.5 96.5 99.5 98.8 97.2 9151 
SD/97/01 97.1 98.6 97.1 97.1 91.3 98.6 96.3 96.3 99.3 98.7 97.0 91.3 
M41 90.3 93.7 93.2 93.2 99.0 92.8 92.3 96.6 96.6 96.5 97.0 92.0 
Beaudette 91.8 94.2 93.7 93.7 91.3 94.2 93.7 92.3 96.3 96.0 96.6 90.8 
Spain/98/308 96.6 100.0 986 986 92.8 99.0 98.6 93.7 94.2 99.0 97.3 91.3 
KB8523 95.2 98.6 98.1 98.1 92.8 97.6 97.1 93.7 93.7 98.6 96.6 90.8 
JP/Ishida/51 91:3 94.7, 93.2 93.2 92.3 93.7 93.2 93.2 92.8 94.7 93.2 91.1 
2994/02 83.1 85.5 845 845 83.1 84.4 85.0 84.1 82.6 85.5 84.5 84.1 


Nucleotide similarity is presented in the upper triangle of results, amino acid similarity in the lower one. The first 621 nucleotides 
starting at the AUG translation start codon of the S1 protein genes were compared because only 621 nucleotides were available for the 
JP/Ishida/51 strain. The reference strains were the same as in table 3. 


Table 6. Pairwise comparison of nucleotides and amino acids in S1 gene of ck/CH/LHLJ/07VII with those of other Mass-type 


strains 

IBV strains 19 35 41 64 217 117 118 47 47 15) 159 182 226 232 237 247 249 252 253 261 337 529 
ck/CH/LHLJ/07VII iV I D E H H Vv Vv Vv N H OG I H K T T N H D T I 
H120 (Vaccine) A R H G H H Vv Vv Vv K Q D R Q N N N) K Q N N T 
IBN (Vaccine) A R H G Q Q G S S K Q D R Q N N S K Q N N T 
W93 (Vaccine) A R H G Q Q G S S K Q D R Q N N S K Q N N T 
BJ1 (China) A R H G Y. Y D Vv Vv K Q D R Q N N S K Q N NA NA 
pf/CH/LKQ3/03 (China) Vv R H G H H Vv Vv Vv K Q: D R Q N N S K Q N N T 
SD/97/01 (China) Vv R H E H H Vv Vv Vv K Q D R Q N N S K Q N N T 
M41 (America) A R H G Y Y D Vv Vv K Q D R Q N N S K Q N N T 
Beaudette (America) VR H G H H GV V K Q D R Q N N S K Q N N T 
Spain/98/308 (Spain) A R H G H H Vv Vv Vv K Q D R Q N N S K Q N N a Wy 
KB8523 (Korea) A R H G H H G Vv Vv K Q D R Q N N N) K Q N N T 
JP/Ishida/51 (Japan) A R H G H H Vv Vv Vv K Q D R Q N N S K Q N NA NA 
2994/02 (Taiwan) A R H E H H N Vv Vv K Q D R Q N N S K Q N N T 


We compared the nucleotides and deduced amino acids in the S1 gene of isolate ck/CH/LHLJ/07VII from the AUG translation start 
codon to the cleavage recognition sites. Of the 25 mutations occurring in the gene, three (645, 846 and 939) were synonymous and did 
not result in amino acid substitutions compared with those of the other reference strains. 

V = Valine; A = alanine; I = isoleucine; R = arginine; D = aspartic acid; H = histidine; E = glutamic acid; G = glycine; Q = glutamine; 
Y = tyrosine; N = asparagine; S = serine; K = lysine; T = threonine; NA = not available. 


tion against the LX4-type IBV [30], which suggests a need 
to develop vaccines from LX-type local strains. 
Extremely large (+) RNA virus genomes, such as those 
of coronaviruses, are thought to mutate at a high frequen- 
cy as a consequence of the high error rates of the RNA 
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polymerases. They are predicted to accumulate several 
base substitutions per round of replication. As for IBV, 
evolution and mutation rates in the face of vaccination 
are determined to be 2.5 and 1.5% per year, respectively; 
however, in the absence of vaccines, IBV lineages appear 
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to evolve at a much slower rate (0.3%) [14]. Though exten- 
sive IB vaccination was conducted in China, high se- 
quence similarities (more than 95.1% nucleotide similar- 
ity) were shared between the newly isolated LX4-type 
IBVs in this study and the previously published LX4 and 
QXIBV strains isolated 10 years ago [23]. This may be due 
to the poor protection supplied by the vaccines. 

The evolution of IBVs appears to be influenced by 
many factors, such as the use of multiple strains for vac- 
cination, population density and host immune status 
[41]. In addition, transcription of IBV RNA genomes has 
a high error rate [42, 43]. Taken together, these factors 
have resulted in genetic diversity among the IBV genome 
generated by point mutations, insertions and deletions 
introduced into the viral genome. In the present study, 
variations resulting from point mutations were noted 
throughout the S1 gene, both within the same type and 
between different types when the sequences were aligned. 
However, when the S1 sequences were compared between 
different types, 3 unique insertions and deletions were 
found. The unique insertions and deletions in the S1 pro- 
tein shared by the same type of viruses may reflect the 
fact that these viruses may have a common ancestor in 
the course of evolution, and that these unique regions can 
be used as markers in virus detection, identification and 
even typing. 

Another important mechanism for IBV genetic evolu- 
tion is the high frequency of homologous RNA recombi- 
nation. This process is believed to be mediated by a ‘copy- 
choice’ mechanism [44]. Recombination of IBV genomes 
has been observed during growth in experimental infect- 
ed animals and in embryonated eggs [45, 46]. There is 
also evidence for recombination in IBV in the field [47- 
51]. In most cases, evidence of the recombinant event in 
IBV in field conditions and the potential recombination 
breakpoint were predicted using bioinformatic methods, 
such as phylogenetic analysis, to compare the sequences 
between different genomic regions [47-51]. In this study, 
ck/CH/LSD/07-4 has the CK/CH/LSD/05I-like sequence 
in the first third of the S1 gene and the tl/CH/LDT3/03- 
like sequence in the latter two thirds of the gene, showing 
that isolate ck/CH/LSD/07-4 might come from the direct 
recombination between tl/CH/LDT3/03-like and CK/ 
CH/LSD/05]-like viruses. The tl/CH/LDT3/03 was iso- 
lated in 2003 from a teal in Guangdong province, China 
[26] and CK/CH/LSD/05I was isolated in 2005 in Shan- 
dong province, China [27]. The isolation of ck/CH/ 
LSD/07-4 and the recombination occurred in the course 
of its evolution suggested that tl/CH/LDT3/03-like virus 
could replicate and circulate in domestic fowl (chickens) 
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in natural conditions, further confirming our previous 
hypothesis that this virus might be spread to the teal from 
nearby chickens [26]. 

As in many other parts of the world, Mass-type vac- 
cines are the primary, officially authorized vaccines in 
China. Despite the use of these IBV vaccines, it is com- 
mon to find IB problems in vaccinated chickens, just as 
was found in this study. We isolated a Mass-type IBV iso- 
late in an H120-vaccinated layer hen; however, genetic 
analysis revealed that it is unlikely to be a re-isolation of 
the vaccine strain used in the immunization. Many re- 
ports have shown that differences in only a few amino 
acids within the S1 protein can result in a different sero- 
type [11, 52]. Escape mutants of Mass 41 possessed a sin- 
gle amino acid substitution at position 63 (equivalent to 
our position 64), and this provides evidence of a neutral- 
ization epitope being located within the HVRI of the S1 
glycoprotein [53]. In this study, we found an amino acid 
substitution E at the position 64 of ck/CH/LHLJ/07VII 
instead of G in the Mass-type vaccines, such as H120, IBN 
and W93 (table 2). However, we could not conclude that 
the existence of ck/CH/LHLJ/07VII in the H120-vacci- 
nated chicken resulted from poor protection by H120 due 
to the genetic diversity and unsuitable vaccination pro- 
gram or immunosuppression. Further, no other factor 
that results in immune failure could be excluded. 

It was reported that, although IBV strains of different 
pathogenicities were cocirculating in chicken flocks in 
China [27], nephropathogenicity was the predominant 
type of pathogenicity [20-26]. Parallel to those reports, 
our results in this study showed that all 4 selected IBV 
isolates were nephropathogenic, no matter what tissues 
they were isolated from. Like the previously isolated LX4- 
type IBVs [23], the isolate ck/CH/LDL/07I, which was 
isolated in the kidney of a diseased chicken, had compa- 
rable virulence to SPF chickens and also primarily caused 
nephrosis by experimental infection. In the mid-1990s, 
several study groups in China reported a type of IBV that 
had high affinity to the proventriculus of chicken and 
implicated a ‘novel’ pathogenicity of IBV associated with 
transmissible proventriculitis [54]. However, few of the 
experimental reproductions of proventriculitis have suc- 
ceeded using those isolated IBVs. In this study, we used 2 
LX4-type IBVs isolated from proventriculi of chickens 
with severe proventriculitis to attempt to experimentally 
produce proventriculitis. Interestingly, chickens infected 
with both of the isolates showed obvious nephritis, and 
no proventriculitis was observed. This result was similar 
to those from other countries. LX4-type IBVs are one of 
the main types of IBV in European countries; however, 
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no reports of proventriculitis have been associated with 
this type of IBV, but it has caused nephritis and false lay- 
ers in mature hens [38]. Another genotype of IBV which 
is associated with proventriculitis in China has also been 
isolated in Taiwan provinces and was found to cause ne- 
phritis, but not proventriculitis [34]. In fact, we found 
that all 6 IBV-positive samples with proventriculitis were 
co-infected with reticuloendothelial virus and avian leu- 
kosis virus subgroup J, although other potential causative 
agents were not detected in this study (not shown). These 
findings raise the possibility that IBV may be only a by- 


stander virus present in chickens with proventriculitis 
disease due to other causative agents, rather than being 
directly involved in the disease etiology. The pathogenic- 
ity of IBV in China in recent years was nephropatho- 
genic. 
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